A buoy-mounted Acoustic Doppler Current Profiler was deployed on the shelf break off the northeast coast of Taiwan to monitor current variations in the upper ocean. The acquired data show that the flow in the upper water column was initially southwest and then abruptly turned northwest. This abrupt change occurred in mid-October, starting from the surface layer and then gradually extending to the deeper layer. In contrast with this flow, the flow in the lower water column was southwest over the entire record, but its amplitude was reduced after the middle of October. The abrupt change of current from southwest to northwest is related to the intrusion of Kuroshio. Examination of two CTD casts showed the salinity of the upper ocean to have increased after the directional shift in midOctober, further indicating the Kuroshio intrusion. The sea level data at Keelung provided other evidence for the intrusion of Kuroshio. The sea level descended as the intrusion occurred and kept the low value until the end of the record. The northwest flow, which carried the water away from the northern coast of Taiwan, is responsible for this descent. Although the intrusion of Kuroshio was mainly confined to the upper ocean, it did have influence on the whole water column. Examination of the wind record at Pengchiayu showed that the time of Kuroshio intrusion was not coincident with the intensification of the northeasterly monsoon. The local wind and the current at 20 m were incoherent. Both the variation of Kuroshio current and the fluctuation of Kuroshio path may be responsible for the variation of the local current. Since the intrusion of Kuroshio has a weak relationship with local wind variation, it appears to be induced by non-local factors.
Introduction
As the North Equatorial Current (NEC) reaches the western boundary of the Pacific, the eastern coast of the Philippines, it separates into two branches. One is the Mindanao Current which flows to the south along the Mindanao coast; the other is Kuroshio, which flows to the north along the eastern coasts of the Philippines and Taiwan. After leaving Taiwan, the main stream of Kuroshio flows northeast along the isobath of the continental shelf. Its branches sometimes intrude into the marginal East China Sea. This intrusion of Kuroshio has significant impact on the local fishery, navigation, and water circulation on the continental shelf. Due to insufficient data, the characteristics of the intrusion of Kuroshio have long remained unknown. For example, we do not know whether the intrusion is confined to the surface layer, or if it extends over the whole water column. We also do not know whether the intrusion is induced by local or non-local forces. In our study, we attempt to provide answers to some of the questions by studying the current variation over the water column and its relation with the local wind.
In order to monitor the variation of current in the upper ocean on the edge of the continental shelf off northeastern Taiwan, an upward-looking Acoustic Doppler Current Profiler (ADCP) was deployed for 2 months during the northeasterly monsoon season. The ADCP data, combined with the wind record at the nearby island of Pengchiayu, were analyzed and discussed, with particular attention to indications of the intrusion of Kuroshio.
Subsequent sections of this paper are as follows: Section 2 gives a review of the studies on the intrusion of Kuroshio and the background of local ocean circulation. Earlier applications of buoy-mounted ADCP are briefly described. The description of measurements is stated in Section 3. The abrupt change of current direction from southwest to northwest is noted and referred as the intrusion of Kuroshio. Section 4 discusses the additional evidence related with the intrusion of Kuroshio by using CTD measurement and sea level record. The relations between the current and local wind variations are examined and discussed. A summary is provided in Section 5.
Background
The Kuroshio is a branch of the NEC and flows northward. According to Nitani (1972) , the Kuroshio begins to the east of northern Luzon. Wyrtki (1961) called the Kuroshio at the east of Taiwan the Taiwan Current. Flowing eastward south of Japan, the Kuroshio is usually called the Kuroshio Extension. The Kuroshio carries a large quantity of mass and heat from the subtropics Fig. 1 . Mean surface flow pattern in the East China Sea attained by averaging 32 years ' (1953-1984) GEK observations (after .
to the middle latitudes. It has a huge impact upon the global weather and ocean heat balance, and has a notable influence on the circulation pattern, navigation, and fisheries of the marginal seas. As the Kuroshio current (Taiwan Current) leaves Taiwan, its main stream flows northeastward following the isobaths to conserve barotropic potential vorticity. Due to overrun, the Kuroshio water sometimes spills over the continental shelf north of Taiwan. This overrun feature, intrusion of Kuroshio, has been found by examining hydrographic data and surface current measurements. For example, a persistent upwelling of cold water to the northeast of Taiwan has been documented by Uda and Kishi (1974), and Fan (1980) . Chern and Wang (1989) found that this cold water originates from the subsurface Kuroshio water. By examining current data collected on the shelf north of Taiwan, Chern and Wang (1990) claimed that the intrusion of the subsurface Kuroshio water begins at the shelf break northeast of Taiwan and in the depth range of 100-200 m. Direct current measurements on the shelf break, made by Chuang and Wu (1991) and H.-W. Lee (personal communication), showed no intrusion in the lower layer (deeper than 200 m). Their observed current (the lower water column) is dominated by either a southwest or southeast flow.
By using GEK observation, the surface intrusion of Kuroshio has been detected. Figure 1 , after , shows the mean surface flow pattern in the East China Sea by averaging GEK observations from 1953 to 1984. The Kuroshio intrudes onto the continental shelf immediately after passing north of Taiwan. Nitani (1972) and Chu (1976) found that this surface intrusion varies seasonally, at a maximum in the fall when the Kuroshio moves shoreward and minimum in the summer when it moves seaward. By using the seasonal average of 25 years of GEK data, Sun (1987) demonstrated this seasonal variation of the surface axial Fig. 2 . The axial paths of Kuroshio in the spring, summer, fall, winter, and mean (after Sun, 1987) . The paths were defined based on 25 years of GEK data.
path of Kuroshio (Fig. 2 ). The numerical model study by Chao (1990) found that the Kuroshio moves shoreward when the northerly wind prevails and seaward when the southerly wind prevails. In addition to this seasonal variation, and Masaki et al. (1986) found that the path of Kuroshio exhibits fluctuations at higher than seasonal frequency. Owing to heavy fishing activity on the shelf northeast of Taiwan, no current measurement in the upper ocean has ever been made to monitor the intrusion of Kuroshio. The recently developed upward-looking buoy-mounted ADCP is usually moored 250 m under the water to measure the current above it, thus avoiding potential damage from fishing activities. So, we conducted an ADCP mooring experiment on the shelf break northeast of Taiwan to monitor the variation of current and the intrusion of Kuroshio.
The use of ADCP is not new. The first measurement was reported by Pettigrew and Irish (1983) . The sequence of applications includes Schott (1986) in the Florida Current, Schott and Johns (1987) in the Somali Current, Johns (1988) in the Gulf Stream, and Weisberg and Hayes (1993) in the Pacific Equatorial Undercurrent. According to laboratory testing (Pettigrew et al., 1986) , the ADCP has better precision than the traditional currentmeters such as VACM and VMCM. McPhaden et al. (1991) showed that the current data collected from a downward looking ADCP and a VMCM are nearly identical. Figure 3 shows the location of mooring (25°25′ N, 122°24′ E) and the surrounding bathy- buoy was generally less than 2 degrees. The CTD pressure sensor data showed that the maximum vertical excursion was around 10 m, but most of the excursions were less than 3 m. The nominal bin size for a 150 kHz ADCP with 20° transducer is 8.68 m beginning at a range of 1 bin from the transducer. The local sound speed average over the whole water column was 1508 m sec -1 , so the actual bin size was 8.9 m. The near surface bin data is contaminated by sidelobe reflection from the water surface. The nominal contaminated depth is D(1 -cosθ) where D is the transducer depth and θ is the transducer beam angle. With D = 270 m and θ = 20°, the contaminated depth in this application was 16 m. Using the housing orientation determined by a fluxgate compass and its tilt sensor, the instrument calculated Cartesian velocity components. The Cartesian velocity components were then corrected for magnetic deviation and sound speed at the transducer. Finally, the data were linearly interpolated and the vertical profile resampled at fixed 10 m intervals.
Description of the Measurements
Figures 5(a) and (b) show the representative time series for the east component velocity (U) and north component velocity (V), respectively. The half hour sampled time series and its 36 hours low-pass filtered time series are given at depths of 20 m, 70 m, 120 m, 170 m, and 220 m. The low-pass filtered time series is obtained by using a truncated Fourier transform to remove fluctuations shorter than 36 hours from the original time series. Except for some short events, a westward flow was persistent from the beginning of the record to the end, over the whole water column. Comparing the low-pass filtered time series at 20 m and 220 m, the U shows different variations between the upper and lower water column, especially after October. For example, the U was decelerated for 2 weeks at 20 m after October but it remained near constant at 220 m. In contrast with U, V abruptly reversed its direction from south to north at the middle of October. The reversal started in the surface layer and then gradually extended to the deeper layer. Although the V in the lower layer continued flowing southward after the middle of October, its amplitude was reduced. Corresponding to the abrupt change shown in V at the middle of October, the westward current also reduced its amplitude, but regained its strength 2 weeks later. The low frequency variation of V is similar between the upper and lower portions of the water column. The high frequency fluctuations in both U and V are dominated by a semi-diurnal tide. The mean and the standard deviations of low-pass filtered time series U and V at each depth are shown in Fig. 6 . The U has near constant mean value over the whole water column, while the V has positive mean value in the upper water column and negative mean value in the lower water column. The zero crossing is at around 120 m. The standard deviations decrease with depth for both U and V. The variance of V in the upper water column is much larger than the variance of U. Figures 7(a) and (b) show the isotachs as a function of depth and time for low-pass filtered U and V, respectively. Except for some short events, the value of U is negative (westward flow). The vertical shear in the U field is smaller than in the V field. The feature of the directional change in V from south to north, is shown even more clearly here. It begins initially in the surface layer and then gradually extends down to greater depths. After the end of October, the zero crossing is generally located at around 170 m. The time series of transport per unit width, which is calculated by linearly vertical integration of low-pass filtered velocity from 20 m to 250 m, is shown in Fig. 8 . Each stick indicates the amplitude and direction of transport. The transport is to the southwest initially and then turns to the northwest. Although the surface V turned northward in mid-October, the transport did not have a northward component until the subsurface V also turned north, near the end of October.
The spectra for U and V as a function of depth and frequency are shown in Figs. 9(a) and (b), respectively. The spectra were calculated from demeaned, 10% cosine-tapered, and zeroargument time series using a fast Fourier transform (over an argumented record length of 1500 hours). Smoothing was performed by convolving a uniform spectral window, 9 fundamental frequency bands in width. The fundamental frequency and bandwidth were 0.00067 and 0.006 cph, respectively. The resulting degree of freedom is 17. The low frequency variance of V is much larger than U. It reduces rapidly with depth. This low frequency variation is generated by the ) show the coherence square and phase between the current at 20 m and at all other depths as a function of frequency and depth for U and V, respectively. The U at 20 m is generally incoherent with the U in the lower water column except on the frequency band of 3-4 day. In this frequency band, there is no phase difference over the whole water column. The V is coherent and in phase in the low frequency part. The effect of the intrusion of Kuroshio on the local current is over the whole water column. It reversed the V from south to north in the upper layer and reduced the amplitude of southward flow in the lower layer. Fig. 11 . The variance density spectra of the wind velocity at Pengchiayu. The upper and lower panels are for the east and north component velocity of wind, respectively. 
Discussion
The abrupt change of current from the southwest to northwest in the upper ocean is the most distinguishing feature in these data. According to previous studies (Chao, 1990; Nitani, 1972; Sun, 1987) , this feature may be related with either the intrusion of Kuroshio or the intensification of the northeasterly monsoon. The northeasterly monsoon will induce an Ekman transport to the northwest; the intrusion of Kuroshio will accelerate the current to the north. The wind measurements at Pengchiayu, 40 km northwest of the mooring's site (Fig. 3) , are examined here. These data, collected every three hours, were provided by the Central Weather Bureau of the Republic of China. Figure 11 shows the density spectra of wind velocity. The data length is 5 months, from July to November of 1991. The spectra were calculated by using the similar method as mentioned before. The fundamental frequency, bandwidth, and resulting degree of freedom were 0.00027, 0.0024 cph, and 17, respectively. The spectrum has distinguished peaks centered on the 4-day and daily periods in the north component and 5-day, 3-day, and daily periods in the east component. The north component of wind velocity is slightly larger than the east component in the low frequency domain.
Since the northeasterly monsoon is prevailed in this area, the wind was rotated clockwisely by 45° to easily examine the intensification of monsoon. This rotated and 36 hours low-pass filtered wind velocity time series is shown in Fig. 12 . The northeasterly monsoon intensified Fig. 13 . The coherence square, γ 2 , between the current at 20 m and the wind measurement at Pengchiayu.
The upper two panels show the coherence square between the U at 20 m and SE-NW wind velocity (left) and NE-SW wind velocity (right), respectively. The lower two panels show the coherence square between the V at 20 m and SE-NW wind velocity (left) and NE-SW wind velocity (right), respectively. The 90% significance level is given by dashed line.
around the middle of September, one month earlier than the current changes. After it built up, the monsoon generally maintained its strength until the end of record. At the middle of October, the wind record shows that the northeasterly wind did undergo a relaxation/intensification event. This event may have an impact on the current, but it could not be a major force to reverse the V from south to north. Specially, the event was short and northeasterly wind was relaxed, not intensified, when the current changed direction. The monsoon regained its strength 10 days later, while the northward current persisted until the end of record. This weak relation between the abrupt change of current in the upper ocean and the variations of the monsoon indicates that the monsoonal wind is not responsible for the observed current reversal. Figure 13 shows the coherence square between the wind velocity at Pengchiayu and the current velocity at 20 m. A high coherence is found between the wind and the current in the frequency band of 3-4 day. Since the current in this frequency band is coherent and in phase, the deeper current shall be also coherent with the wind. This result is generally in agreement with the conclusion of Chuang and Wu (1991) . The 2-4 day energetic barotropic flow is in conjunction with the frontal passages on the edge of the East China Sea. Except in the above frequency bands, the coherence square is generally low. The effect of local wind on the current appears to be minor. Perhaps a non-local factor, e.g. an intrusion of Kuroshio, is more important than the local winds.
Since the Kuroshio water is more saline than the East China Sea water, the intrusion of Kuroshio should increase the salinity of local water. By examining the vertical salinity profiles before and after the intrusion, the evidence of Kuroshio intrusion can be checked. Figure 14 shows the salinity and temperature vertical profiles from two CTD casts, done before and after the ADCP mooring deployments. On the later cast, the salinity did increase significantly in the upper water column. This result offered evidence for the intrusion of Kuroshio. The lower water temperature in the upper layer in the later cast may be related with the lower air temperature in the November than in the September. The sea level at Keelung was examined. Figure 15 shows a near 2-year, from January, 1990 to November, 1991, sea level record at Keelung. The mean and the effect of atmospheric pressure were removed from the original record. The data was sampled by three hours interval and filtered out the fluctuations which frequencies are higher than 0.028 cph (36 hours). A distinct annual cycle was displayed. The sea level rose in summertime and descended in autumn. In 1991, the sea level descended in mid-October, which is consistent with the time of the intrusion of Kuroshio. In order to examine the relationship between sea level and the intrusion, we reversed the sign of sea level variation and then compared with the vertically integrated V. The result is shown in Fig. 16 . Both time series have been filtered to remove high frequency (period shorter than 36 hours) fluctuations and then normalized by their standard deviations. The consistency between the integrated V and sea level variation with reversed sign was found. The southward integrated V, before the intrusion, piled the water up on the northern coast off Taiwan while the northward integrated V, after the intrusion, carried the water away. This result provided additional evidence for the intrusion of Kuroshio. More current measurements are definitely required to study the relation between their seasonal variations. Chern and Wang (1990) suggested that the intrusion of Kuroshio occurs mainly at a subsurface depth range of 100-200 m to explain the existence of subsurface Kuroshio water on the shelf. The present study does not agree with their findings. Our measurements showed that the intrusion of Kuroshio occurs in the surface layer and varies with time. The current data measured by Chuang and Wu (1991) and H.-W. Lee (personal communication) also showed that the current in the lower layer on the shelf break northeast of Taiwan is dominated either by a southwest or a southeast flow. There is no direct evidence to show that the Kuroshio subsurface intrudes at the shelf break. The mechanism that brings the subsurface Kuroshio water onto the shelf at the north of Taiwan remains unknown.
Summary
In the present study, we deployed an upward-looking ADCP mounted on a 45″ syntactic foam buoy to monitor the ocean current in the upper 250 m water column on the shelf break off the northeast coat of Taiwan. The total duration of deployment was 59 days, from September 28 to November 27 of 1991. The acquired raw data was linearly interpolated and its vertical profile resampled at fixed 10 m intervals. Attention was drawn to low frequency variations (period longer than 36 hours). The north component of velocity has greater low frequency variance than the east component. The most distinguished variation in the data is an abrupt change of upper ocean current from the southwest to the northwest. This abrupt change, occurring in midOctober, is apparently related to the intrusion of Kuroshio. As the Kuroshio moved shoreward the depth of the northward flow was increased. The current in the lower water column was southwest over the entire record. The CTD measurement and sea level record provided additional evidences for the intrusion. After the intrusion, the salinity in the upper ocean increased and the sea level at Keelung descended. A consistency between the vertically integrated north component velocity and sea level variation was found. The local wind record at Pengchiayu relates weakly with both the local current variation and the intrusion of Kuroshio. Apparently the intrusion of Kuroshio is not directly triggered by the local wind. The non-local factors, e.g. large scale wind variation, should be considered for such intrusion.
